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OFF — SHELL I

We define an off-shell production cross-section (for all
channels) as follows:

tot
ij—al - 2
T ‘S - SH‘ \/g
= When the cross-section ij — H refers to an off-shell Higgs
boson the choice of the QLD scales should be made according
to the virtuality and not to a fixed value. Therefore, for the PDFs
and oj_u+x one should select p2 = p2 = zs/4 (zs being the
invariant mass of the detectable final state).
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OFF — SHELL II
Let us consider the case of a light Higgs boson; here, the common belief was

that
(58S

@™ 16 product of on-shell production cross-section (say in gluon-gluon fusion) and branching ratios
reproduces the correct result to great accuracy. The expectation is based on the well-known result
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T
(37M§)2+F%M12{ = d (s—Mg)+pv

2
s—Mj)
where PV denotes the principal value (understood as a distribution). Furthermore s is the Higgs virtuality and My
and I'y should be understood as My = py and 'y = and not as the corresponding on-shell values. In more

simple terms,

I the first term puts you on-shell and the second one gives
you the off-shell tail

=" Ay is the Higgs propagator, there is no space for anything
else in QFT (e.g. Breit-Wigner distributions)
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OFF — SHELL III

A short History of beyond ZWA. (ont ry fixing something that s already broken in the first

plaoe)

@ There is an enhanced Higgs talil auer- passarino (arxiv:1206.4803):
away from the narrow peak the propagator and the off-shell
H width behave like

1 Ta—vv (Myvy)
— —
(M8 1) e

Ay ~ NGFM\ZIV !

@ Introduce the notion of e -degenerate solutions for the
Higgs couplings to SM particles pixon- Li arxiv:1305.3854), Caola -
Melnikov(arXiv:1307.4935)

(=}

Observe that the enhanced tail is obviously #; -independent and that this could be exploited to constrain the

Higgs width model-independently

@ Use a matrix element method (MEM) to construct a kinematic discriminant to sharpen the constraint

Campbell, Ellis and Williams (arXiv:1311.3589)
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OFF — SHELL IV
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OiH—f = (O' 'BR) = T

On-shell «=-degenerac:

arXiv:1305.3854, 1307.4935, 1311.3589

The generalization is an «? -degeneracy

G =M

Simplified version
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Events/bin
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a consistent BSM interpretation?

On the whole, we have a constraint in the
multidimensional k-space

K2 =1 ke, ) 1y =y (7, Vi)

f=snevi-107mt
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Only on the assumption of degeneracy one can
prove that off-shell effects measure yy

a combination of on-shell effects measuring
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The only limit to our realization of tomorrow will be our doubts of today
o
Memg
Skip
meetings

Main Theorem:
HEFT is a
realization

of k-language
o
Definition:
xi;Ian Nags) Chapter IV

MI approach Renorm.

dim. reg. QFT
role of
top? - down

o (=

Strategy: How to interpret xx?

Ty
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Nature of 64 -
F Chapter Il
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Corollary: HE
x-language
requires insertion
of 64 operators

inS

loops

that produces &; ~

is there a QFT behind degeneracy?
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annotated DIAGRAMMATICA
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Figure 3: Example of one-loop SM diagrams with O-insertions, contributing to the amplitude for H — yy
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Figure 4: Example of one-loop O-diagrams, contributing to the amplitude for H — yy



that for

Ax5TeV
we have

1/(V2GeA?) ~ 6/ (4m)

i.e. ®* the contributions of d = 6 operators are = loop effects.
=+ B+ For higher scales, loop contributions tend to be more
important (=)

PTG - operators versus

LG - Operators, cf. Einhorn, Wudka, . ..
QD It can be argued that (at LO) the basis operator
should be chosen from among the PTG operators
ﬁ[) take 01(2 , contract two lines, is ren of some &%)

a SM vertex with 01(,61.)6 required ... same order

1/A expansion — power-counting v/

LG — low-energy analytic structure X
ﬁDPTG T - generated in at least one extension of SM

] = =
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. P ROP O SITIO N . There are two ways of formulating HEFT

a) mass-dependent scheme(s) or Wilsonian HEFT

b) mass-independent scheme(s) or Continuum HEFT (CHEFT)

high-energy theory

O only a) is conceptually consistent with the image of an EFT as a low-energy approximation to a

O however, inclusion of NLO corrections is only meaningful in b) since we cannot regularize with a
cutoff and NLO requires regularization

@ There is an additional problem, CHEFT requires evolving our theory to lower scales until we

get below the “heavy-mass” scale where we use £ = % +d-%Z, d£ encoding matching
corrections at the boundary. Therefore, CHEFT does not integrate out heavy degrees of
freedom but removes them compensating for by an appropriate matching calculation
U5 Not quite the same as it is usually discussed (no theory approaching the

boundary from above ...

cf. low-
) low. energy SM, weak effects on g—2etc

=




£ gimp=d/2-1

dim 64 = Ny dim¢+Nger

For d > 3 there is a finite number of relevant + marginal operators
For d > 1 there is a finite number of irrelevant operators

Sounds good for finite dependence on high-energy theory

Footnotes
Annotations

#9 This assumes that high-energy theory is weakly coupled
# Dimensional arguments work for LO HEFT

# In NLO HEFT scaling may break down, implying
appeal to a particular renormalization scheme

Ren. group should only be applied to EFTs that are nearly massless
Decoupling theorem fails dfor CHETFT, but arguably this does not prevent. them fmm

supporting a well defined scheme, but ecaup niust be inserted in the form o
matching calculations (which we don't bave . g

#0 Match Feynman diagrams € HEFT with corresponding 1(light)PI diagrams € high-energy theory
(and discover that Taylor-expanding is not always a good idea)
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Having said that ... no space left for annotations
s functon® ember Bgep N large Me -limit

v/ Make finite all Green’
Schemes: rem
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1 1,
g i ger [1 - 1%‘:;‘2 (dzg+96 ng(6)) f] v/ Don't forget background
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Appendix C. Dimension-Six Basis Operators for the SM?
a X (LG) ¢ and ©'D? (PTG) V2 (PTG)
ginnot™ pde Q| frearalradr | Q, () Qep (') perp)
is PTG o | JAECGIGEGS | Qe | (dle)nlely) || Que (') (@u.P)
IS Qu | WIWIWIS | Qoo | (6D40) (6D,0) | Que | (o))
is LG Qw | VKWW oW e
X’ (LG) ¥ X¢ (LG) ¥*¢*D (PTG)
. Qo | oeaae™ | Qur | Gorerriow), | QY (sa*iBu )0
§ Qua Pl G, Qen | (L,o"e)B QY (w*iDI @)l yHL)
f Qow | oWl wh | Qua | (o T*u)3Gh, | Qe | (¢fi Du ©)(Enter)
] Qur | PoWLW | Quy | (@0 u)r W}, || QU WD ©)(@7"ar)
; Quss oo J?WB“” Qup | (30" ur)@ By G (WD' @7 qr)
S Qup ¢'¢ BB Qe | (0" T )9 Gl || Qeu | (ol D# o) (@ ur)
5 Quws | oo WLBY | Quv | @ d )T oW}, | Qe | (61D, o) (dydy)
H Qs | ATeWLBY | Qs | (@0™d)¢ B || Qeua | i(FT D) (p1dy)
.g Table C.1: Dimension-six operators other than the four-fermion ones.
22These tables are taken from [5], by permission of the authors.

@ Effective Lagrangians cannot be blithely used without acknowledging implications of their choice

ex: non gauge-invariant, intended to be used in U-gauge
ex: H— WW* is virtual W + something else, depending on the operator basis
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v Tadpoles — By
v @=2Z,"ay etc.
-

Zy=1+%2 (62 +9662)
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v Tadpoles — By
v ®=2,2ap etc.
-

= (4) (6)
Zy=1+%2 (62 +9662)
v Self-energies UV

6@, 66) finite




v Tadpoles — By
v ®=2,2ap etc.
-

= (4) (6)
Zy=1+%2 (62 +9662)
v Self-energies UV

6@, 6® finite
@ y-decay




v Tadpoles — By
v ©=22ax etc.
-
= (4) (6)
2 =1+ (52,, +0662, )
v Self-energies UV
6@, 60 finite
@ u-decay
v g— 0gr




v Tadpoles — By
v ®=2,2ap etc.
-

Zy=1+1£- (62 +9662)
v Self-energies UV
6@, 60 finite
@ y-decay
v g— 0gr

v Finite ren.




v Tadpoles — By
v ®=2Z,2ap etc.
-
2y =1+ (62 +9662)
v Self-energies UV
6, 60) inite
@ u-decay
o R

v Finite ren.
-

ME =M, [1+ 725 (Re Sww — 62u) |
v etc Propagators finite and
Ur -independent

&
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p-decay



X

H _propagatOr 1

Ay = Zy(—8+ZmyME) - ——4-%
H S+ <ZLmy ) (271;)4,- o

Zy = 1+ gR

16712 (52 -1-96321({6))%

5z = 16[2:3,8 (82—E_

% 25_9_1439—143909)
o
3 mg+m;

32 M2
2 > )
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EXAMPLE finite ren.

167w
M2 1 1
16"’dM() = —6M$,<?é+>
- %xg(w 4M?) By (~MG: M M)
2
Gy (- an) o (-0 1)
M
- %éso(MH;MH,A@)
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e v requires 2y, Zy, Zg, Zy
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z:D v requires Zu, Zy, Zg, Zg

v ltis 6@ -finite but not &® -finite

va = Higgs virtuality



™ v requires Zy, Z;, Zg, Zg;
: v Itis 6@ -finite but not 6® finite
voinvolves &p , &n ., 8wy, @, W ,
an ) atg 3 abg ’
v = Higgs virtuality ag=Wi ay =Wz ay=Ws

1
@by + 4 8 — dow — 0 = Wa

1
ayy — Z ayp t+ aow + ayo = Ws

u]
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1::[> v requires Zy, Zy, Zg, Zg,
: v ltis 6@ inite but not &® finite
voinvolves &p , &n ., 8wy, @, W ,
an ) atg 3 abg ’
vy = Higgs virtuality ag =W ay=Wo ay=Ws

1
ab¢+Za¢D_a¢'W_a¢D: W,

1
ayp — Z asb + dow + ayn = W5

v requires extra renormalization

VV,' — ZZmIX WR

i 99s 1

Zl;mx = St o azmlxg
5Zm|x _ 1 N,t(b)

3@ 2./2 My -
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v Define building blocks

ig2 M2

2 (4M2~wit) Co(~w,0,0: My, My, My)
32m® My

igg M, ™ N

8M§ CO (_VI‘IJOJO’ Mq7Mq’M‘J)

Vi [1 — By (—v: Mq,Mq)] —4M?



v Define (process dependent) x-factors

Kb = 1+96[;/\A;5V %Wﬂ
x = 140 [1 MW LWR}
t 62Mw \/§ 5



v Define (process dependent) x-factors

Ky = 1+95[1 Iwb

1
— WR
2 Mw V2 4}
1 M 1
K H%bWW E%ﬂ
v Obtain the 4+6 amplitude

A6 g Z Kc1ALO+Ig6gS %
q=b,t

WR
V2 My
+ dog|WRAT + WEAY]



v Define (process dependent) x-factors

B 1 My 1 R
b H%EW ﬁm}
B 1 M 1 R
K= 1+g6[2MWW EWJ
v Obtain the 4+6 amplitude

M2
A8 — g Kq AL + ;969s TH WR

x V2 My

+ gog | WA+ WEAY]
v Derive true relation

A#O) (g0 H)

ge (Vi) A® (gg — H)



v Define (process dependent) x-factors

B 1 Mb 1 R
Kp 1+ [2 Mw ﬁ W4}
B 1 M 1 R
K= 1+Qe[2MWW Ews}
v Obtain the 4+6 amplitude
A8 — g kg AL + ;9695 _H WR
x vz My

+ gog | WA+ WEAY]
v Derive true relation

A#O) (g0 H)

9 (vir) AW (gg — H)
v Effective (running) scaling (g;) is not a x (constant)
parameter (unless &® =0 and k, = k)

=



@ Non-factorizable not included
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v SCALE dependence (no subtraction point)
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v SCALE dependence (no subtraction point)
v Consider H — yy

2
X _ %R 1 Mi
ZP% = 8+ gz (07" g oI g

Wi = a,=85¢Co @own +Co @B + S5 Gw

M2 Ay = ‘11 [833 (2s§ _cg) M2 + (433 cg—s) Mﬁ]
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v SCALE dependence (no subtraction point)
v Consider H — yy

2
mix _ gR mix 1 . MH
Zm = &+ 2% |82 _+A,,In—u1%]
Wi = a,=85¢Co @own +Co @B + S5 Gw

M2 Ay = ‘11 [833 (2s§ _cg) M2 + (433 cg—s) Mﬁ]

v etc
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b}
1
n
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Symphony No. 8 in B minor

e =

What do we lose without matching?

toy model: S dark Higgs field

L =Ly~ 59uSHS—EMZS? + us @' S
IoR

3, Mi [(1 2) (1 —5-i0 s
ot = 49 T, A2 [(ES—3MH> (E —In Z—EI) + finite part}
HHs 1 s 1 s —s—i
hun = QQMWM2[1—Z,V§—<1—§V52)|H—
full starts at 0/(ug /MZ)

S
eff starts at 0/(s/A?)

large mass expansion of full follows from Mellin-Barnes expansion and not from Taylor expansion

=} 5



v Background? Consider tu — ZZ

«0O0>» «Fr « =) 4
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v Background? Consider uu — ZZ
v The following Wilson coefficients appear:
Wi = a,=5¢Co dows +C5 B + S5 ew

Wo = azz =—59Co Gown +S§ asB +C§ apw

W = ayz=2SeCe(a¢w—a¢B)+(CS—SS) aows

Ws = ap
Ws = aﬁl) + a¢q Gpu
We = aéi) + aq(,:l + apu

u]
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v Background? Consider uu — ZZ
v The following Wilson coefficients appear:
Wi = a,=5¢Co dows +C5 B + S5 ew

Wo = azz =—59Co Gown +SS asB +CS apw

W = ayz=2SeCe(a¢w—a¢B)+(C§—85) aows

Ws = ap
Ws = a&fl) + a¢q Gou
We = 34(,2) + aq(,fl + au
v Define
ao - Mo Mt _u M
2w u t tu



v Obtain the result (wu — ZZ)

)y

spin

A4+6) ‘2

g4ALO Fo (39)+

Sls
SI®
e

%
=



v Obtain the result (au — ZZ)

)y

spin

A4+6) ‘2

g4ALO Fo (39)+

Sls
SI®
e

%
=

v Background changes!



v Obtain the result (au — ZZ)

2 6
A(4+6) g4ALO Fo (Se)—F& F’(S@) W,
Ljaee) 75 L F (o) W]
v Background changes!
v Note that
F° ~ -057 F'~+2.18 F?~ -3.31
P o~

+4.07 FA~-246 F*~-2.46 F®~ —5.81
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FUTURE (Moriod Ew 2014)

19.03.14
Myz [ivg=ooass  amas ] A
Myz [ 10731.0) cms —
=

Y [ 10.79-1.14]

du [ [0.78-1.15]

2 -1

ulrBus0®4, , |, OMs el
5 1 05 0 05 1

Coupling scale factor

o
=

FIC. 2: Effective new ph I
for the loop-induced couplings to gluons and photons contain orly the contribution of the contact terms, as t
of the loop terms are already disentangled at the level of the input values A. (The ordering of the colums fi
right corresponds to the legend from up to down.)

n

A [TeV]

extracted from the

Table 1T
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Large Scale

hx
Lulx.0) + £(0) renorlization
pa,’{,flf,:w MATCHING
L(0) +dL(0) W“D’g‘rg-\“lgatmn
Low Energy
95

Figure 4: The general form of a matching caleulation.

terms,

In this region, the physics is deseribed by a set fields, X, describing the heaviest particles, of
mass M, and a set of light particle fields, ¢, describing all the lighter particles. The Lagrangian has
the form

Lulx.0)+L(@). (3.15)
where £(¢) contains all the terms that depend only on the light fields, and Ly(y, @) is everything
else. You then evolve the theory down to lower scales. As long as no particle masses are encountered,
this evolution s described by the renormalization group. However, when s goes below the mass,
M. of the heavy particles, you should change the effective theory to a new theory without the
heavy particles. In the process, the parameters of the theory change, and new, nonrenormalizable

interactions may be introduced. Thus the Lagrangian of the effective theory below M has the form
L(0) +0L(e) (3.16)

21




Increasing COMPLEXITY
v H—yy

® 3 LO amplitudes Af°, A°, AV, 3k-factors

@ 6 Wilson coefficients & non-factorizable amplitudes
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Increasing COMPLEXITY
v H—yy

® 3 LO amplitudes Af°, A°, AV, 3k-factors
v H—-7Z

@ 6 Wilson coefficients & non-factorizable amplitudes

@® 1 LO amplitude

@ 6 NLO amplitudes, 6k-factors

oYY ANS phpy Y AN
i=t,b,B

i=t,b,B
@ 16 Wilson coefficients & non-factorizable amplitudes

DA



Increasing COMPLEXITY
v H—yy

® 3 LO amplitudes Af°, A°, AV, 3k-factors
v H—-7Z

@ 6 Wilson coefficients & non-factorizable amplitudes
@® 1 LO amplitude

@ 6 NLO amplitudes, 6k-factors

s Y ANS +pbpy X AN
i=t,b,B i=t,b,B

@ 16 Wilson coefficients & non-factorizable amplitudes
v eftc.
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% g finite renormalization

G2
2 2
Go = G125

(469 + gsac®)|

G? =4V2Gr MG,
v dG*® from p-decay



% g finite renormalization

Gop = G [1 +2

16 12

(dG<4) + gedG(G)ﬂ GR=4V2G: M2,
v dG*® from p-decay
v Involving Zww (0) (easy)

DA



% g finite renormalization
2 2 G (G ©®)

G?=4V2G: Mg,
v dG*® from p-decay

v Involving Zww (0) (easy)

X and vertices & boxes (not easy with &® -insertions)
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Fine points on PTG versus LG &6 operators

v Proposition: if we assume that the high-energy theory is

® weakly-coupled and

@ renormalizable

v it follows that the PTG/LG classification of arXiv:1307.0478
(used here) is correct.

v If we do not assume the above but work always in some
EFT context (i.e.. also the next high-energy theory is EFT,
possibly involving some strongly interacting theory) then
classification changes, see Eqgs. (A1-A2) of
arXiv:1305.0017v2



STU: (combination of) Wilson coefficients

w, =
W>

ayy = SpCo AowB +C§ ayB +Sg apw

2
azz = —SpCg apwB + Sg ayB +C§ ayw
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) aowB
W4 = amp Ws = ayo
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Wio = @b Wit = ay

agw = Sp aqwB + Cp AqBW dqB = Sg 4w — Cg dqwB
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STU: building blocks y—y

Ly(s) = Iy(s)s
9°s2 4 9°0%6 LA
Mn(s) = fgpeln(8)+ 16y & M) W
=
ny () = 34

[{e]
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STU: building blocks Z—y

Lzy(s) = Iz(s)s
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STU: building blocks Z—Z

Zzz(S) = SZZ + HZZ S+ 0(32)
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The life and death of ug

vy bare propagator
2
1 g
AT = S e In(s)

Zo(s) = (D®+geD®) 1+ ¥
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The life and death of ug
vy bare propagator
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vy renormalized propagator
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The life and death of ug

Zren

w (8) = Z <L/('4

X
)+ g6 L,@)) In =5 + xrest
Xex R

v finite renormalization

ro(s) = IL5(s)s



The life and death of ug

Zren

w (8) = Z <L/('4

X
)+ g6 L,(-G)) In =5 + xrest
Xex R

v finite renormalization

ro(s) = IL5(s)s

d
Sy [T (8) -~ L) =

=0

v including &® contribution. There is no pr problem when a
subtraction point is available.
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6 — 64 _ field(parameter) redefinition
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Requires
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etc. with non-trivial effects on the S -matrix






