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Secovery How to make a photon massive (or why 2 # 3)
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Higgs couplings = Goldstone’s theorem
Weak scale . A
Hiigh scale If a global symmetry group is spontaneously broken into a group of lower

rank, its broken generators correspond to physical Goldstone modes.
These scalar fields transform non-linearly under the larger and linearly
under the smaller group. This way they are massless and cannot form a
potential, because the non-linear transformation only allows derivative
terms in the Lagrangian.

One common modification of this situation is an explicit breaking of the
smaller symmetry group. In that case the Goldstone modes become
pseudo—Goldstones and acquire a mass of the size of this hard-breaking
term.



Higgs Theory

Tilman Plehn

Discovery
Massive photon
Sigma model
Higgs field
Unitarity

RG evolution
Higgs decays
Higgs production
Operators
Higgs rates
SFitter

Higgs couplings
Weak scale

High scale

Massive Photon and Goldstone theorem

How to make a photon massive (or why 2 # 3)

1 1 1
L= =y PP+ —eszAi +5 (0,0)% — efA, 0" ¢
1 v, 1 oo 1 2
= — g Fu P + 5€°f (A“ - Ea‘L¢>
1
Au—>A,L+§8;,X ¢ — ¢+ x
1 v PE — w1
Z = 74F,“,F + = e ” F“,,F + 2mBB

= Higgs mechanism

In the special case that the spontaneously broken symmetry is a

local gauge symmetry the Goldstone theorem does not apply. Instead of
becoming massless scalars the Goldstone modes are then ‘eaten’ by the
additional degrees of freedom of the massive gauge bosons. The gauge
boson mass is given by the vacuum expectation value breaking the larger
symmetry. A massive additional scalar degree of freedom, the Higgs boson,
appears if there are more Goldstone modes than degrees of freedom for

the massive gauge bosons.



Sigma model

Fermion masses and SU(2), invariance

U(x) = exp (iaa(x)%) = g2




Sigma model
Fermion masses and SU(2), invariance
U(x) = exp (iaa(x)%) = gllem/?

ISR a % va

LRE)LR QR—U>OR



Sigma model

Fermion masses and SU(2), invariance

U(x) = exp (iaa(x)%) = gllem/?

LYoy a % va

LRL’)LR QR—U>OR

5L)ZmaQR —U) aLU”Z(U)mOOR ; 5LZmQOR 4 X — Z(U) = Ux



Sigma model

Fermion masses and SU(2), invariance

5LZmQOR —U) EILU”):(U)moQR ; 5LZmQC)R 4 Y — Z(U) = Ux

Invariant Lagrangian: masses and potential

Lp3 = —aLZmQQR — ILszLR +he. + ...




Sigma model

Fermion masses and SU(2), invariance

5LZmQC)R —U) EILU”):(U)moQR ; 5LZmQOR 4 X — Z(U) = Ux

Invariant Lagrangian: masses and potential

Lp3 = —aLZmQQR — ILszLR +h.c. + ...

2
Loo = —? TV, V) + Ape THTV,] TH{TV]

v, =5(D,%)} T=3snx!




Higgs Theory Sigma model

Tilman Plehn

Fermion masses and SU(2), invariance

Discovery
Massive photon
Si del = = 71— ! =

BuEiuel QLZmQQR —U> QLU 1Z(U)mQQR ; QLZmQQR =4 Y — Z(U) = Ux
Higgs field
Unitarity

RG evolution
Higgs decays Invariant Lagrangian: masses and potential
Higgs production
Operators — —
Lp3 = —Q XmMqQr — LiXmLg +hec. + ...
Higgs rates
SFitter
Higgs couplings V2 V2

Lo = vy TV, V¥ + Apg T[TV,] T[TVH]

Weak scale

High scale V/_L = Z(DMZ)T T= ZTgZT

2,2 4
e = P ) 4
2 = -ty - S (TE'D) +



Sigma model

Choice of fields: unitary gauge £ (x) = 1

v, =x(0,x)" = 1(D,x)t
w=2(DuX) (DuX)

= —igW +ig'B.
o T P
= —igW, ﬁ —igW,, ﬁ

_ . g —+ - .
=i (Wu T+ W, T,) —igz2,

. 3 T3 P 73
_ ’QWHE + ig B“E
73

2




Sigma model

Choice of fields: unitary gauge £ (x) = 1

v, =x(0,x)" = 1(D,x)t
w=2(DuX) (DuX)

. ata P 73
= —lgW”? + ig’ B“E

. + T+ . _ T . 373 . T3
= —igW, ﬁ —igW,, ﬁ — ’gWuE + ig B“E
__;9 + - : 73
=i (Wu T+ W, T,) ~ 1922,

TV, V¥ = -2 g; WEW™H Ti(ryro) — gT%zuz" Tr(+2)

w9
=-—gw,w —?Z“Z"




HggsTheoy  Sjgma model

Tilman Plehn

Choice of fields: unitary gauge X(x) = 1l

Discovery

Massive photon

V, =5(D, %)t = 1(D,5)"

Sigma model : .
Higgs field — _igWiEa + ig,BuES
Unitarity - _ - .
— _j + T+ -T— 373 . 3
RG evolution - IgW# \/é IgW[J. > IgW# 2 + g B,u 2
Higgs decays g " B ) 3
=—i= (W W r_) —ig,Z, -
Higgs production \/é ( w T+ + uw T ) 9741 >
Operators
'8 gz
o WYV = 2 LW w Tirr) - Z 2,20 Ti(e2)
SFitter 2 4

Higgs couplings

2 w g%
oa—
—-gwW,w" — ?Z‘LZ“

Weak scale
High scale
T= ):T;;ZT =73
. 2 )
T(TV,)=Tr —ngZN,? = —igzZ,

T(TV,) Tr(TV*) = — g§ Z,z"



Higgs Theory Sigma model

Tilman Plehn
D Choice of fields: unitary gauge X(x) = 1l
Massive photon 2 2
Sigma model TV, VH] = —2 % WiWF Ti(rr) — %Zzuz“ Tr(r2)
Higgs field 2
Unitarity =-g W: w—* — %ZALZM
RG evolution
Higgs decays T = ZTSZT =15
Higgs production 2
Operators ™TV,) =Tr <—igZZM%5> = —igzZ,
Higgs rates
SFiter TH(TV,) T(TV") = —52,2"
Higgs couplings
Weak scale 2 2 2
High scale Zp2 = v? <_92W:qu - g?ZZMZ“> Ap* ( gZZ Z“)

v wiw k- @zuz“ + Ap@ZHZ“
4 8 8
Vg Vg5

wiwH —
4 8

(1= Ap)Z,2"



Higgs Theory

Tilman Plehn

Discovery
Massive photon
Sigma model
Higgs field
Unitarity

RG evolution
Higgs decays
Higgs production
Operators
Higgs rates
SFitter

Higgs couplings
Weak scale

High scale

Sigma model

Choice of fields: unitary gauge X (x) = 1

Tr[V,, V¥]

g2

2
- g
—2 W W (i) = SR 2,20 TH(rS)

2

g2
—wiwr Lz,
T = ZTQZT =73

2

. T2 .
T(TV,) =Tr <—ngZM—3 = —igzZ,

T(TV,) T(TV*) = —g32, 2"

v Y, g5 " v 2 m
Lo = | —FWoWT = Z 2,2 )~ Bpg (7922“2 )
2 2 2 2 2 2
:_v4g W:W—u _ V:ZZMZ“+A;JV§ZZ“Z“
2 2 2 2
= 7%le wr % (- np)Z, 2"

= gauge boson masses

my = =
W=

v —|
mz:\/1—Ap%A”:°

92v _

2

agv

T 2cw




Sigma model

Other forms of ¥(x) including Goldstones w

minimum requirement

% (T () Z(x))) =1 <

ST(x)Z(x) = 1l

Vx



Sigma model

Other forms of ¥(x) including Goldstones w
minimum requirement
% (T () Z(x))) =1 < Tz =1 vx

T(x) = S N (11 - i\;W(X)) with  W(x) = wa(X)7a




Higgs Theory

Tilman Plehn

Discovery
Massive photon
Sigma model
Higgs field
Unitarity

RG evolution
Higgs decays
Higgs production
Operators
Higgs rates
SFitter

Higgs couplings
Weak scale

High scale

Sigma model

Other forms of ¥(x) including Goldstones w

minimum requirement

%(Tr(ZT(X)Z(x))>:1 < sz =1 wx

¥(x) = ;Wawa (11 - éW(x)) with  W(x) = wa(X)7a

1+7

¥ (x) = exp (—éW(X))

= iW+1(_1)w W, +1 WaTaWpTpWeTe + O(W*)
= v 2 2 aTaWpThp 8V 3 aTaWpTpWeTe

i 1
:117;w 57 w[,,w‘—,,11+6 wawaw+(9(w)

- (1—212wawa+(9( ))11 76( 612WaWa+O(W ))

needed for W, W, scattering



Quantized sigma field

Including all degrees of freedom

P (1+g)z with %(Tr(zfz)>=<(1+g)2>z1 = (Hy=0




Quantized sigma field

Including all degrees of freedom

z->(1+g)z with %(Tr(ZTZ)):<(1+g)2>E1 = (Hy=0
Z:(1+g)ﬂ—éW:l(v+H_iW3 —wz—iw1):\/§(q~5¢)

Wo — Wy v+ H+ iws v

. 1 [ —wo — iw s e 1 vrH—iw
with ¢=_2(V+H+iW3 ¢=-Ir¢ T2\ we—im



Quantized sigma field

Including all degrees of freedom

zz(1+ﬂ)ﬂ—iW:1(V+H_iW3 _Wz_iw‘):ﬁ($¢)
v v v

Wo — Wy V+ H+ iws v

) 1w — i s w1 v+ H—iw
with ¢_ﬁ(v+H+iW3 ¢=-in¢ T2\ we—iw

Higgs Lagrangian

(v+H)
V2

ya

G H s

Loz — —¥r PrpD —




HogsTheoy —  Quantized sigma field

Tilman Plehn
Discovery Including all degrees of freedom
Massive photon . . .
H i1 — — W — 2 -
Sigma model =(1+—- ) ——-w=— v H 'st " Mﬁ :£(¢¢)
9 v v v W — iwy v+ H+iws v
Higgs field . :
. e —iw w1 v+ H—iws
Unitarity with b= 72 (V + H+ iwg p=-In¢ = ﬁ Wy — iwy
RG evolution
Higgs decays
Higgs production HIggS Lagrangian
Operators
V+H) — Yoo
Higgs rates Lpz — ,yf( 1/,wa3 A, waw,
SFitter \/é \/5
Higgs couplings 2 92 2.2
Weak scale foz = _%WJW*“ — %(1 +Ap)ZHZu
High scale UM 5 2VH 2
vHg _ vHg'
- wiwr - Tz (1 +A4p)Z,2*
m,
= —gmw HW W™H — QZTZ (1 + Dp)HZ, Z"



HogsTheoy —  Quantized sigma field

Tilman Plehn
Including all degrees of freedom

Discovery

Massive photon H i 1 /v4+H—iws —We — iwy V2 .
Sigma model > = (1 * V) 1-97=y ( wa — iwy v+H+iW3> = (#9)
Higgs field X 1 —Wo — Wy v . x 1 v+ H-—iws
Unitarity with ¢ - ﬁ (V + H+ fW3 ¢ =i d) - % Wo — iW1
RG evolution
Higgs decays
Higgs production HIggS Lagrangian
Operators (V + H) _ )7 _
Higgs rates ZLps — —¥r /2 »irD _ﬁ Hp gy
SFitter
Higgs couplings P (v + H)?g? pra— (v + H)?g2 Ay Z. 78
Weak scale b2 == 4 H - 8 ( + P) r
High scal 2vHy* 2vHg5

igh scale _ v4g W: W _ 892 (1 +Ap)Z, 2"

—gmw HW W™ — gzzﬂ (1 + Ap) HZ, 2"



Quantized sigma field

For Uli Nierste: two Higgs doublets
dividing v2 = v + v2
Ve 1 Ty y@e] Ve 1 [y e
Zoo = = TVOV] - Zw [vover]




Quantized sigma field

For Uli Nierste: two Higgs doublets
dividing v = vZ + v | "
Y () wr] _ Ya (d) ()
Lo = = WOV - 2T [V v
fermion masses (type-ll 2HDM)

1 —

2

+ 73

_ 1 _
Lp3 = —QumauTy Qr — QLMgg¥q

Qr+ ...



Higgs Theory

Tilman Plehn

Discovery
Massive photon
Sigma model
Higgs field
Unitarity

RG evolution
Higgs decays
Higgs production
Operators
Higgs rates
SFitter

Higgs couplings
Weak scale

High scale

Quantized sigma field

For Uli Nierste: two Higgs doublets
dividing v = vZ + v | .
Vv, Vv
Lop=—F T [ViOvtr] — 2w [V vw]

fermion masses (type-Il 2HDM)

—= M1+ T — 1 -
ZLps = —QuMmauXy 5 % Qp — QumagTa 2Qr+ ...
Higgs fields
HY\ _ [ ReHJ +ilmH] HS\ _ (Vg + ReHS + ilmH}
HS) — \vu+ ReH) + ilmH H;y) — \ ReH; +ilmH,



Higgs Theory

Tilman Plehn

Discovery
Massive photon
Sigma model
Higgs field
Unitarity

RG evolution
Higgs decays
Higgs production
Operators
Higgs rates
SFitter

Higgs couplings
Weak scale

High scale

Quantized sigma field

For Uli Nierste: two Higgs doublets
dividing v = vZ + v | .
Vv, Vv
Lop=—F T [ViOvtr] — 2w [V vw]

fermion masses (type-Il 2HDM)

—= M1+ T — 1 -
ZLps = —QuMmauXy % Qp — QumagTa 2 2Qr+ ...

Higgs fields
HY\ _ [ ReHJ +ilmH] HS\ _ (Vg + ReHS + ilmH}
HS) — \vu+ ReH) + ilmH H;y) — \ ReH; +ilmH,
supersymmetric potential

|2

2
|l 4+ m? [p]® + my 0.2 _
LRt S (IR 1M )

2
42 (HjH; — H)Hg +he.)

V= (1H5 12 + 1HP) +

& +g _ 2 o _
+ e (P P — Mg 2 = [HG1%) + o HG + HoHy |



Higgs Theory

Tilman Plehn

Discovery
Massive photon
Sigma model
Higgs field
Unitarity

RG evolution
Higgs decays
Higgs production
Operators
Higgs rates
SFitter

Higgs couplings
Weak scale

High scale

Quantized sigma field

For Uli Nierste: two Higgs doublets
dividing v® = vG +v§

Lo = 7% T [VLU) V(U)u] _ ‘%5 Tr [fo” V(dm]

fermion masses (type-1l 2HDM)

Loz = —QumayTu i+ Qg — QuMoy%q 1-m Qr+ ...
Higgs fields
HP\ [ ReHf +ilmH] HY\ _ vy +ReH +ilmH]
(HS) - <vu+ReH3+iImH3> (H;) - ( ReH, +ilmH; )
supersymmetric potential
2
v e ) % (1K + 1Hy 7)

b -
> (HiHy — HoHG +he.)

&F+9” +2 0,2 -2 H022 &0 0,,— 2
+ 5 (ISP + 1P = 1Hy 2 = 1K)+ T 1 HG + A |
masses

82
<M2)/k aHOBH,E

minimum



Higgs potential
Potential including dimension-6 operators

2, . 1 1
Los =3 750 With 01 = 50,(679) 9(679), 2= —3(s"9)

i=1




Higgs Theory

Tilman Plehn

Discovery
Massive photon
Sigma model
Higgs field
Unitarity

RG evolution
Higgs decays
Higgs production
Operators
Higgs rates
SFitter

Higgs couplings
Weak scale

High scale

Higgs potential
Potential including dimension-6 operators

2 ) 1 1
Loo =D 1501 With O1=20,(6'¢) 9"(6'9), 02 =~ (¢"0)’

i=1

first operator, wave function renormalization

O4

1
50u(@') 0"(8'9)

_ 1, ((H+v)2) ” ((Ff+v)2)
2 2 2

A+vy?o,Ho"H

5 (



Higgs Theory

Tilman Plehn

Discovery
Massive photon
Sigma model
Higgs field
Unitarity

RG evolution
Higgs decays
Higgs production
Operators
Higgs rates
SFitter

Higgs couplings
Weak scale

High scale

Higgs potential

Potential including dimension-6 operators

2 ) 1 1
Loo =D 1501 With O1=20,(6'¢) 9"(6'9), 02 =~ (¢"0)’

i=1

first operator, wave function renormalization

O4

1. o -
Liin = 50, HO" H <

1
5 H

5 (

1 f1 V2
TN

1
50u(@') 0"(8'9)

(H+ v)?

(
);

(H+v)z) o" (
2

A+vy?o,Ho"H

;
50uH 0" H

2

=

)



Higgs potential
Potential including dimension-6 operators

2, . 1 1
oo =3 1501 With 01 = 20,(679) 9"(0) . 02 = —2(0'9)°

i=1
second operator, potential

fa

3?|¢|6

V=Pl + Aol +




Higgs potential
Potential including dimension-6 operators

2, . 1 1
oo =3 1501 With 01 = 20,(679) 9"(0) . 02 = —2(0'9)°

i=1

second operator, potential

fa
V= 216 4 Aol 4 2 1s8
Ko191" + Alg| +3A2|¢|

1% R ’
——— = p® +2\¢[® +
oo " [¢]

S

2) u2N?
372 f

41 4 A2, |
[p"=0 & |¢|+T|¢|+—=0



Higgs Theory

Tilman Plehn

Discovery
Massive photon
Sigma model
Higgs field
Unitarity

RG evolution
Higgs decays
Higgs production
Operators
Higgs rates
SFitter

Higgs couplings
Weak scale

High scale

Higgs potential
Potential including dimension-6 operators

1 1
Lpe = Z Lo, with 0y = Eau(wqa) o*(¢Tg), Op= 7§(¢T¢)3

i=1

second operator, potential

V=216 + A8l + o5 |0l

3A2

av 22A2 WA
—:u2+2xw¢|2+3,\2\¢| =0 e e+ Tlef e T =0

1
2 2 2\ 2 2,272 2
AN AN A\ AN 2f,
v W _k AN Y
2 f f f f A2)\2

AN2 fou? f22/,1,4 _6
— | -1+ [1- — O(A
f [ ( 2X2A2 BAAA4 +O( )

2 4 2 2 2 2
I B —4 I Bp _ Y% hVo
- — ONH=—-2 (1 =2 (4
_ 2x B (A=) 2) ( + 4,\2/\2> 2 ( T one
N 2AN?
- + O(A%)

4



Higgs potential
Potential including dimension-6 operators
25 , 1 1
Los =3 750 With 01 = 50,(679) 9(679), 2= —3(s"9)
i=1
mass and couplings
IRNGEAY)
3 8
= —21—4 (H6 +6HPv + 15H4V + 20FPV° + 15HRv* + 6AVS + v6)

02 = —5(8'0)° =
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D Potential including dimension-6 operators
Massive photon 2 1 ) 1 1 3
Sigma model Zpe = Z /leof with Oy = Eaﬂ(qﬁ(b) 8“((1)1‘(15) , Oz = 7§(¢f¢)

i=1
Higgs field ' .
. mass and couplings
RG evolution 1 1 (Fl + V)6
Op=——(¢T¢)p =772
Higgs decays 2 3 (@'¢) 3 8
1 /- - o - - -

Higgs production = — oz (F° + 6Py + 15F* 2 1 20H°V® 4 1572V + 6FIV° +°)
Operators 24
Higgs rates 5

) pero 3 orn b 15 4:0
SFitter K4 = H — ZAVH — = —V'H
. . mass = 3 27 Az 28"

iggs couplings P 2 2

fiv 2% —4 21 My o

Weak scale =2 (1= 1= O(A H2 + _Hpy
o < N2 + 2A2)\ +0( ) 2

igh scale
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Potential including dimension-6 operators

Discovery

Massive photon

1 1
L6 = Z 301 With 01 = 50,(679) 9(9'0), 02 = —2(¢"9)°

Sigma model =1
Higgs field ;
9gste mass and couplings
Unitarity ~
7 1 1 (H+v)®
RG evolution 02 — 7§(¢f¢)3 — 75 %
Higgs decays
1 /- - ~ - - .
Higgs production = ~54 (H6 + 6H°v + 15H*V? + 20+° V8 + 1552 v* + 6HV° + VG)
Operators
Higgs rates 2
T 3. o f 15
SFitter Lmass = *%HZ - EAVZHZ - ﬁa 4H2
Higgs couplings 2 2 2
fiv 1% om
_ 2 1 2 —4 2! My, 0
Weak scale = =V <1 — W -+ EYE3N + O(/\ )) H® = 2 H
High scale
AV A
2 2 1 2
& my =2\ |1 - —
H ( ne "t 2/\2,\)

m? fv2 26v4 2fv2
o= _ M _hV H® — HE) Ho"H
sl 2v 2ne © 3nent, A2

m v apv 4V o
1 - H* — H? 0, HO" H
T8 K ne A2m2, A2ne,




Unitary WW scattering

Equivalence theorem and Goldstone scattering

‘1) ; Igl . . Igl

b w_ >my 1

€71 = 0 € = my 0 — my 0
0 E 1Bl
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Unitary WW scattering

Equivalence theorem and Goldstone scattering

0
1
6#,1 = 0

0

p 1]
_ [0 Jem 1[0
- my 0 my 9
E I2]

relevant Lagrangian in terms of Goldstones

V>

2
m? m

H H
——wWiw_wyw_ + —Hw,w_ + -
2V2 + + v +
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Unitary WW scattering

Equivalence theorem and Goldstone scattering

? ; \!g\ . ; \!gl

b wo_ >my 1 — P

fri= | o T my 0 - my 0 _mvp
0 E I

relevant Lagrangian in terms of Goldstones
m? m?
Vo Hww wow. + —EHw,ow_ +---
2v2 " W-t v L

scattering amplitude

A:—2im,2_,+<—imz,.,)2 i +(7im,2_,)2 i
v2 v s —m v t—m?
" }

2
t—m,

2
My

2
i

+




Unitary WW scattering

Optical theorem and unitarity
optical theorem

12sts= A +iA)=1+iA-—AT)+ATA o  AfA=_iA— Al

. T 1, L1
= —i(JA-A"T|j) =2ImA(0 =0) = azz—smA*Au):;mA(e:m
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Unitary WW scattering

Optical theorem and unitarity

optical theorem

12sts=M-iAhd +iA)=1+i(A- AN+ ATA o  ATA=—iA- A

= —ijJA—AT|)=2ImA(0=0) = |o=

GIATAl) = mA9 = 0)

1
2s

partial waves

- 5
241"

sl 1
A=16m Z(ZI + 1) Pi(co) a with / dx Pi(x)Py (x)
=0 -1
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Discovery Optical theorem and unitarity
Massive photon optical theorem
Sigma model ot At . : T T U i t
Higgs field T=8's=(1 A +iA)=1+i(A-A)+ATA &  ATA=-i(A-A")
Unitarity i(IA— AT/ 21mA(9 = 0 _ 1 iIATAlf 1| A0 =0
RG evolution = _IO‘ B U> - m ( - ) = 7= ?Sgl ‘j> B g " ( B )

Higgs decays :
partial waves
Higgs production

o 1 2
Operators A= 161 2(2/ +1) Py(co) a with / dx Pi(x)Py(x) = =——=dy
Higgs rates 1=0 - 2t
SFitter
Higgs couplings ‘AIZ (16 ) /1

- [ da = 2 dc 21+ 1)@l +1) aa; Pi(ce)Py(c
Weak scale 7 / 647‘r2$ 6471'25 & — ’ ZI: %: " ( i ) o /( 6) I/( 9)
High scale

16
Z @2r+1) \al/|2 = %2(2/"' 1) |a/‘2
!

!
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Unitary WW scattering

Optical theorem and unitarity

optical theorem

1Lsts=@ A +iA)=1+iA-AN)+ATA o  ATA=_i(A— AT

1
= —i{jjJA— A*T\j> =2ImMA(0 =0) = |o= (IATAlj) = S ImA(6 = 0)

1
2s

partial waves

A= 167 i(z/ +1)Py(co) & with /1 dx Pi(x)Py (x)
—1

72 5
= /4
yar 2/ +1

2 2
o= /dQ AL _ (16m) 271'/11 dco > > 21+ 1)(21 +1) aa) Pi(co)Py(co)

64r2s  64n2s L
8

16
- ?”Zz(zlm) la)? = T’Tz(zw 1) |af? .
! !

16 1 1
combined to {(2/+ 1) \a/|2 =3 ImA(6 =0)| = e 167(2/+1) Ima

/

12 1
(Re a)® + <Im a — 5) =- = Rea| < 5




Unitary WW scattering

Higgs mass limit

LY A
a = —— it
0 1671-3/_5 1l

m? m? s
H b My S
oy o 5~ e (14 % )|
s
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Unitary WW scattering

Higgs mass limit

1 0
a = —— / at |Al
167s J_s

m? 1
H < -
8mv2 2

o ‘ m? < 4mv? = (870 GeV)? ‘

assuming all Higgs couplings as predicted!



Higgs renormalization group

Constraints from scale dependent potential

di 1
Tog @ ~ 167 [12/\ FONE — 3yt — o (368 + 0F) + ok (208 + (6B + ) )]
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Massive photon dx 1 [ 2 2 4 3 2, 2 3 4 2 | 2.2 }
—s = — [12X\" +6Ay; —3y; — - (8 — (2
Sigma model d log @2 1672 o Vi 2 ( % + 91) + 16 ( 9 + (92 + 1) )
Higgs field Landau pole at large A
Unitarity da 1 d\ 1 B 3 s
RG evolution dlog Q2 log Q2 = 20 d0 = T6n2 12X° + O(N) = mk + O(N)

Higgs decays
Higgs production
Operators

Higgs rates
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Higgs couplings
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High scale
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D Constraints from scale dependent potential
Massive photon dx 1 [ 2 2 4 3 2, 2 3 4 2 | 2.2 }
—— = —— 12X+ 6Ay; — 3y, — =X (3 — (2
Sigma model d log @2 1672 oM Vi 2 ( % + 91) + 16 ( 9 + (92 + 1) )
Higgs field Landau pole at large A
Unitarity da 1 d\ 1 B 3 s
RG evolution dlog Q2 log Q2 = 20 d0 = T6n2 12X° + O(N) = mk + O(N)
Higgs decays
Higgs production d _ d 1 _ 1 dg iR 3 1
Operators dlog@ ~ dlogQ®g  g?>dlogQ® ~ 4n2 g2
Higgs rates dg 3 > 3 >
= - Q)=——logQ +C
SFitter d Iog Q2 472 g( ) 472 9 +

Higgs couplings
Weak scale

High scale
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Do Constraints from scale dependent potential
Massive photon dx 1 |: 3 4 2 212 i|
_— = 1202 4 6ay2 — 3yf — 7>\ 3 2
Sigma model dlog@@ ~ 1672 oM -3 <92+g‘) 16(92+(92+g‘))
Higgs field Landau pole at large A
Unitarity da 1 d\ 1 3 s
RG evolution dlog G2 =%0dQ 162 +0O(\) = 472A +0()
Higgs decays
Higgs production d _ d 1 _ 1 dg iR 3 1
Operators dlog@ ~ dlog@ g  g2dlogQ? ~ 4x2 g2
Higgs rates dg 3 > 3 >
- Q)=—-—log& +C
SFitter d Iog Q2 472 g( ) 472 °9 +
Higgs couplings
1
Weak scale Qo= — = 3 Iog v +C & C=g+-— |Og V2
" Ao T 4r2 4z
igh scale
3 3 3 @
g(Oz)zfﬁlogonrgoJr—logvff log 5 + do

, - 3 @l
< MNQQ) = 7?Iog—+—o} :A0[17m>\olog?:|
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Higgs renormalization group
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Constraints from scale dependent potential
Discovery
ax 1
Massive photon — — i 4 2 2)2
i TTog G = Toe? [12A +oAE 3yt — a3+ 0F) + 6(2gz+(92+g1))}
igma model
Higgs field Landau pole at large A
Unitarity ai 1 d\ 1 3
RG evolution d log 02 ZQ dQ Q 1672 7)\ + O(N)
Higgs decays
1 3
Higgs production Jo=—= Iog V + c o C= e + Iog V
Operators Ao 4
Higgs rates v 3 2 3 2 3 02
=——_| — =— I
o 9(@) 21090 + 0+ 5 logV 22109 7z + 9%
—1 —1
Higgs couplings > 3 02 1 3 02
& ANQ) = log — + — 1— —Xolo
Weak scale ( ) 4 472 g + Ao 42 0 g
High scale o P
pole condition as upper limit on my
3 Qoo 3 Q2
1= ;5 Nolog = p°e£0 ©  73Xlog p°e:1
o o Opole _ 4r?
v 38X
& Qpole = V €X 2r® =V ex antve
pole = p 3)\0 = Y 3m2

H
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Higgs renormalization group

Constraints from scale dependent potential

di 1

3
dlog @ _ 1672 [12)‘ +6A -3y — 32 (392 +Q1) 6 (29§+(g§+g12)2)}

stability bound avoiding A < 0
_ am} 3 4 N
dlog@ ~ 1672 | °vd T 16 <292 + (g +97) ) +0()

2 2 1 12mf 3 4 2, 2\? @
M@) ~ M) + 15 {— +15 (28 + (€ +47) )| ooz

dx 1
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Higgs renormalization group

Constraints from scale dependent potential

ax 1 3 4 2 | 2\2
dlog® ~ 1672 [12)\ +BAy — 3y — *>\ (392 +91) 16 (292+(gz +91))

stability bound avoiding A < 0
_ am} 3 4 N
dlog@ ~ 1672 | °vd T 16 <292 + (g +97) ) +0()

2 2 1 12m} 3 4 2 2\ 2 @
M@) ~ M) + 15 {— +15 (28 + (€ +47) )| ooz

dx 1

v4 16
2 4
oy _ my 1 | 12mp 3 4 2, 2\2 Qgtable
A(V) = 22~ " 16n2 { v + 16 29, + (gz + 91) log —=>>=
°
my 1 12’": 3 2 22 Oslable
v2 T 8n? [ v 16 26; + <g2 +g1) log

e — 70 GeV for Qgape = 10° GeV
H= 1 130GeV for Qsape = 10" GeV
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Higgs renormalization group

Constraints from scale dependent potential

ax 1
dlog@? 16n2

3 3
= [12A2 +6My —3yf - oA (302 +0f) + 1= (200 + (& +912)2)}

800

200

m, = 175 GeV

3 108 109 10!® 10!5 1018
A [GeV]
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Top-Higgs renormalization group

Two-dimensional IR fixed point

renormalization group equation for A

dA 1 2 2 4
—_— = —— (12X 6Ay; — 3
d log Q& 1671'2( +on - 3y)

IR fixed point
dx 322
im  A(Q°)=X.=0 im  ———— = lm 5 =0
log Q2 — — oo log @2 — — oo legQ log @2 — — oo 4r
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Bleaay Two-dimensional IR fixed point
D renormalization group equation for A
Sigma model
dx 1 > > 4
Higgs field m = @ (12)\ +6)\y, - 3}’t>
Unitarity . .
’ IR fixed point
RG evolution
Higgs d . : dX , 3x2
iggs decays lim A(QZ) =A.=0 lim s = im — =0
Higgs production log Q25— o log @2 — o d Iog Q log @@ oo 47
SIS renormalization group equation for
Higgs rates 0
SFitter dyt _ 9 ,Vt4

) dlog@? 3272
Higgs couplings

Weak scale

High scale
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Top-Higgs renormalization group

Two-dimensional IR fixed point

renormalization group equation for A
ax 1 2 2 4
= —— (12X +-6)y; — 3
dlogQZ _ 1672 (122° + 7 - 3y7)
renormalization group equation for y;

de _ 9 4
dlog@® ~ 32x2 Y

renormalization group equation for R = )\/yt2

R dx 1 (=1)  dy?
dlog @ ~ dlog @2 y? vyt dlog Q2
1 2 2 4 9
=— (12 - -
167r2y,2< e - o) - 5
1

3
= (12>\R+ 5Aﬂ%yf)

1672
A 3 1
=2 (12R+2 _3-
1672 ( + 2 R)
3\ > | mé V2 ms,
= 8R°"+R—-2)=0 ZHO T = H
3272R ( + ) 2v2 2m? " am?




HegsTheoy — Top-Higgs renormalization group

Tilman Plehn
: Two-dimensional IR fixed point
Discovery
Massive photon renormalization group equation for A
Sigma model ax 1 N 5 4
Higgs field dik)g o3 = 1672 (1 20" + 6)\_}/[ - 3}/1 )
Unitarity . . .
renormalization group equation for Yt
RG evolution
2
Higgs decays d Yt — 9 ,V;‘
2 2
Higgs production d |09 Q 32m
Operators
Higgs rates
SFitter
Higgs couplings | (@) e gy(Mp)=0 | e
Weak scale %
. ¢ /

High scale g LHC exclusiona 95% CL

£ 140

é LHC exclusione 90%Lle= =

* 130

120

R
e i riria 2 8

LEP exclusione 95% CL
170 172 174 176
Top mass (GeV)
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Higgs decays

Branching ratio depending only on masses

1

10 E
tt
10 B
10 & - S
50 100 200 500
My, [GeV]

— fermionic decays for lighter Higgs
loop-induced H — ~~, Z~ for lighter Higgs
bosonic decays for heavier Higgs

— perfect spot at my = 126 GeV
— use HDECAY to compute

1000



Higgs Theory H|ggs production

Tilman Plehn
Discovery Effective ggH coupling
Massive photon tensor structure of the effective coupling
Sigma model " 3
Higgs field G"Gu = — (kMLAW - k‘VAUL) (kZHAZV - szAz#) +OA)
Unitarity = —2[(kika)(A1Az) — (KiAz)(keA1)] + O(A%)
RG evolution kY kH
— o(kike) Aruda, | g 2] O
I (k1k2) A1, A2 [9 ki + O(A%)
Higgs production 2 v k1u kzu 3
= — m5 A A | 9P — O(A
Operators M F1u P2 |:g ki ko * ( )
Higgs rates
SFitter

Higgs couplings
Weak scale

High scale
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Discovery Effective ggH coupling
Massive photon tensor structure of the effective coupling
Sigma model G‘uVG _ kK A kA k A ko A o A3
Higgs field e = = (kA — ki A (e, = lewfley) + O(A)
Unitarity = —2[(kike)(A1Az) — (ki A2)(keAr)] + O(A%)
RG evolution kY kH

— o(kike) Aruda, | g 2] O
Higgs decays ( ! 2) e |:g Kike * ( )
Higgs production 2 v k1u kzu 3

= —m5 A A |gHY — 2 O(A
Operators M F1u P2 |:g ki ko * ( )
Higgs rates projection operator
SFitter

1 Ky it
Higgs couplings P;-w = = <QHU - >
ki k:

Weak scale \/é ( k 2)

wv " wv wr oo
High scale T~ F Pr Aad Pru T ~ Pr Pr” F=F.
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Higgs production

Effective ggH coupling

tensor structure of the effective coupling
G" Guw = — (ki A1, — kiyA1) (Kephey, — keyhs,) + O(A)
= —2[(kike)(ArA2) — (ki Ae) (keAr)] + O(A%)

o KiK 3
= — 2(kik2) A1 Az [g' - ] + O(A%)
kiko
Ky K
= M A |g" = S|+ O(AY)
k1k2

projection operator

o 1 (g 5
T V2 (ki k)
T~ FPEY o Pr, T ~ Pr, PR F=F.

introduce form factor
FG" G = — Vomi F A, Az, PR
dtq TV

xX — \/ém,z.,AmAg,, ﬁm

) L, 4m, 8
with HWT“:;é (wﬁ+mﬁ—5ﬂmmmm—amm+f)
H
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Higgs production
Effective ggH coupling
F=— i (—igs)

=— P (—igs)?

g§ my 6ab

v 2

2 6ab 1

with

16+/272

2
iom UCIS (14 =7)(7))

im? d*q Pr.,T"
16 / w2 [0
i7r2 8my

6r% 2 (140 = n)f(r))

— 1+ (1 =7)f())

U )
4

— TH(T2T?)

i 8my

1672 /2

— —— (1 4+ (1= 7)f(1))

1672 /2 4

m2
7”  (1+(1 = 7)(7))

v
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Higgs production

Effective ggH coupling

F=— P (—igs? = Tw(T2T?)
=— P (~igs)® — T(T?T")

2
gs Mt

v

giving

1
LogH D oo H

6ab

in? d*q Pr., T*
v 1674 /iTZ[...][...][...]
i7r2 8my

674 2 1+ =)

(140 —7)(r))

5% i 8my

2 1672 2

2 6n2 B 4 1+ 1 = 7)f(r))
2
716\}%2 % (14 (1= 1))

1 2
o % (14 (1 = 7))

G"" Guv with
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oo = i 55~ [+ (1 = ()]



Higgs production

Effective coupling at low energies

e TR 1 N —3y 700
f(f)—[sm 7= = St eaz tOUTH)| =t gm 0=




Higgs Theory H|ggs production

Tilman Plehn
ey Effective coupling at low energies
Massive photon
Sigma model L 1 2 1 1 sz 1 1 gy oo
Higgs field f(r) = |sin 7 = 71/2 &r 3/2+O(r ) :;+?+O(‘r ) =0
Unitarity .

: means for the coupling
RG evolution
1 1
g e T+ = 1)) =7 [1 +(1-7) <7 +o5+ O(T*S)H
Higgs production o 37
Operators =T |:1 + 1 -1 = i + 0(772)}
T 37

Higgs rates
SFitter — [33 +O(r_2)]

Higgs couplings

2
Weak scale = 5 + O(T_1 ) implying GggH =
High scale

1271'
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Higgs production
Effective coupling at low energies
o 1 27 1 1 _5/2 1 1 _3, 1o
"("’)—[S'n ﬁ} —[7_1/2 63/2+O(T )} —;+?+O(T ) =30
means for the coupling

T+ =7)(7)] =7

_c O -1 . |
+0O(r7) implying  gggn = 12#

no decoupling of heavy states
only real non-decoupling effect in LHC physics



Operators

Equivalent questions

— what are the Higgs quantum numbers?
— what is the structure of the Higgs Lagrangian?
— can the Higgs give mass to heavy states?
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Operators

Equivalent questions

— what are the Higgs quantum numbers?
— what is the structure of the Higgs Lagrangian?
— can the Higgs give mass to heavy states?

Heavy flavor inspiration

for any observed Higgs coupling there exists a renormalizable operator

except Higgs production in gluon fusion
— except Higgs decay to photons

except gwwy might mean HWHY W,
Higgs Lagrangian all but trivial



Higgs Theory Operators

Tilman Plehn
D Equivalent questions
Massive photon — what are the Higgs quantum numbers?
S e — what is the structure of the Higgs Lagrangian?
:gfiy‘d — can the Higgs give mass to heavy states?
RG evolution

Heavy flavor inspiration
Higgs decays

Higgs production — for any observed Higgs coupling there exists a renormalizable operator
CraEE — except Higgs production in gluon fusion
Higgs rates

— except Higgs decay to photons
— except gwwy might mean HWH* W,
— Higgs Lagrangian all but trivial

SFitter
Higgs couplings
Weak scale

High scale = analyze nggS kinematics [in as many channels as possible]




Operators

Model independent angles
— first step: Higgs polar angle for spin-0 vs spin-2 [aies; Choi etal]

P2(6™) ~ 1+6cos? 6" +cos* 6*
P(E")

dly *
~ =
Po(6 1
dcos 0* ) "
Distorted .. 1'2 ------ Scalar
Ristorted ____... —— Graviton
1.0

25 Cos(@)
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Operators

Model independent angles

-H—=sZzZZ decays [Melnikov etal; Lykken etal; v d Bij etal; Englert, Spannowsky, Takeuchi]
classic Cabibbo—Maksymowicz—Dell’Aquila—Nelson angles

€oS e = P, -f)z“ . cosf, = ﬁu, - bz,
e
€08 ¢pe = (Poeam X ﬁZM) : (ﬁZH X be* )‘Z
e

008 B¢ = (By— X Pot) - (B— X B)|,

2z,

cos 6™ = Pz,

“ Po
eam X
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Tilman Plehn
D Model independent angles
Massive photon - H—>ZZ decays [Melnikov etal; Lykken etal; v d Bij etal; Englert, Spannowsky, Takeuchi]
Sigma model classic Cabibbo—Maksymowicz—Dell’Aquila—Nelson angles
Higgs field — WBF production [Rainwater, TP, Zeppenfeld; Hagiwara, Li, Mawatari; Englert, Mawatari, Netto, TP]
Unitarity Breit frame or hadron collider (77, ¢)  Breit: boost into space-ike]
RG evolution

Higgs decays

Higgs production

Operators A
Higgs rates

SFitter

Higgs couplings

Weak scale

High scale
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Massive photon
Sigma model
Higgs field
Unitarity

RG evolution
Higgs decays
Higgs production
Operators
Higgs rates
SFitter

Higgs couplings
Weak scale

High scale

Operators

Model independent angles

-H—=sZzZZ decays [Melnikov etal; Lykken etal; v d Bij etal; Englert, Spannowsky, Takeuchi]
classic Cabibbo—Maksymowicz—Dell’Aquila—Nelson angles

- WBF production [Rainwater, TP, Zeppenfeld; Hagiwara, Li, Mawatari; Englert, Mawatari, Netto, TP]
Breit frame or hadron collider (7]7 (25) [Breit: boost into space-like]

cos 01 = pj, ‘f?vz‘ €os 62 = Py, - Py, ‘

0* =Dy, - D
cos Py, PdX

V4 Breit Vo Breit

COoS ¢1 = (ﬁvz X bd) ! (ﬁVZ x bh )|V1 Breit

cos B¢ = (Bay x By) - (Bey % By)| -




Higgs Theory Operators

Tilman Plehn
Do Model independent angles
Massive photon - H—>ZZ decays [Melnikov etal; Lykken etal; v d Bij etal; Englert, Spannowsky, Takeuchi]
Sigma model classic Cabibbo—Maksymowicz—Dell’Aquila—Nelson angles
Higgs field - WBF production [Rainwater, TP, Zeppenfeld; Hagiwara, Li, Mawatari; Englert, Mawatari, Netto, TP]
Unitarity Breit frame or hadron collider (77, ¢)  Breit: boost into space-ike]
RG evolution

Higgs decays N ~ N ~ ~ N
cos 01 = py, ‘Pvz‘ cos B = py, - Py, ‘ cos 6" = py; - Pa|

Higgs production V4 Breit V, Breit
Operators cos ¢1 = (Pv, X Pa) - (Pv, X p,-1)| _
V, Breit
Higgs rates
SFitter cos Ap = (Pg; X Pjy) + (Pgp ¥ pjz)‘x .
Higgs couplings 05 frrrr P e 08 e e e 08 e e e e
Weak scale [ o1dr ] [ 1do ] 1do 1]
0af T®@ q  oaf %@ 3 oa b
High scale L ] L ] ]
£ ] L ] ]
03f- 4 o3 % A o3 e

02

ViR

01

o
2
g
N,
taa s

_/ 5
PN I NI S W S |
1 3 4 5 6

° <
o

T N I I
1 2 3 4 5 & °

o

TN NS N ST ST S|
1 2 3 4 5 6 0

= different approaches with similar physics
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Operators

Spin-2 test? [Englert, Mawatari, Netto, TP]

— unitarization affecting all energy variables
- tl’y Gottfried-Jackson angle [Bx,1ab Vs Pg, x: Frank, Rauch, Zeppenfeld; Schumi]

1 T T b

T ——
1_do T
5 X

0.8| o.g[- @ dcos8, vy ZEW’L

L XewyZ,

0.6 )

04

02

o | | . o | | \
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1
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Operators

Spin-2 test? [Englert, Mawatari, Netto, TP]
— unitarization affecting all energy variables
- tl’y Gottfried-Jackson angle [Bx,1ab Vs Pg, x: Frank, Rauch, Zeppenfeld; Schumi]
- alternatively d)1 + d)g [Hagiwara, Li, Mawatari]

o. T o.

0.4+ B 0.4
2

0.2+ B
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Operators

Spin-2 test? [Englert, Mawatari, Netto, TP]

— unitarization affecting all energy variables
- try Gottfried-Jackson angle [Bx, iab Vs Pg, x; Frank, Rauch, Zeppenfeld; Schumi]
— diagrammatic analysis for WBF  as;; crucia]

AGE ~

AGH ~wf2

$pin-0: 025,05, 05

spin-1: 13, 5,1,

spin-2: 25y, ZE\HQ

max
5~ 3

AN~ 55

Ar];l_‘,}’ ~0

7~ 0

+

2+
EW+q max
Anj 4

= observables in most channels
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Where we are going

The model

— assume: we see a scalar

[2Z and WBF correlations]

it is a narrow resonance
SM-like D4 structures
benchmarks useless

— production & decay combinations
— signal strength vs couplings?

99 - H

qq — qqH

g9 — ttH

qq — WH

plus a little problem

H— zZ
H— ww
H — bb
H*)TZ%T[
H— vy
H— Zv

signal x trigger
backgrounds
Gauss/Poisson statistics
systematics

theory errors
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Discovery The mOdel
Massive photon — assume: we see a scalar [zz and WEF correlations]
Sigma model it is a narrow resonance
Higgs field SM-like D4 structures
Unitarity benchmarks useless
RG evolution — production & decay combinations
Il Gl — signal strength vs couplings?
= ET 3
Higgs production i i ATLAS Preliminary 2011 + 2012 Data ]
GreEE 5 [ fLdt~46-481"s=7TeV [Ldt~58-59f"s=8TeV |
8 02 [ eeeee Exp.Comb.  ----x Exp.H—=-2Z' =Ml -oee- Exp.H—WW' v |
Higgs rates £ 1 E o toiy T mntE I T e b
3 [E o e S a4 Boon
Shter 3 PR aEOR et ]
Higgs couplings R 10 =
8 F
Weak scale n
High scale [
1e
L ]
100 200 300 400 500 600

my [GeV]



Higgs Theory Where we are going
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Discovery The mOdel
Massive photon — assume: we see a scalar [zz and WBF correlations] ATLAS Proliminary | -
Sigma model it is a narrow resonance Wz b
Higgs field SM-like D4 structures
Unitarity benchmarks useless
RG evolution — production & decay combinations .
Higgs decays — signal strength vs couplings? .
Higgs production
Operators ~ I
. B
Higgs rates Signal strength (u)
SFitter

Higgs couplings
Weak scale

High scale



Higgs Theory Where we are going

Tilman Plehn
Do The model
Massive photon — assume: we see a scalar [zz and WEF correlations]
Sigma model it is a narrow resonance
Higgs field SM-like D4 structures
Unitarity benchmarks useless
RG evolution — production & decay combinations
Il Gl — signal strength vs couplings?
Higgs production
Operators -
Higgs ates Why 126 GeV is just perfect (zeppenfeld et al; Dihrssen et al; SFitter 2009/2012]
SFitter — parameters: Higgs couplingsto W, Z,t, b, 7,9, [SW-like D4 operators]
Higgs couplings
Weak scale grxx = Gix (14 4Ax) IHww > 0
High scale

— measurements: GF : H — ZZ, WW, v~
WBF : H— ZZ, WW,~v,TT
VH:H—bb
{tH : H — ~~, bb

= perfect application for SFitter



Higgs Theory SFitter 1: Markov chains
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Discovery Probability Maps ([statistics unexpectedly hard...]

Massive photon

— honest LHC parameters: weak-scale Lagrangean [Higgs, MSSM, dark matter,...

jgma[m:e‘ — likelihood map: data given a model p(d|m) ~ | M |2(m)

iggs fiel

ety — Bayes’ theorem: p(m|d) = p(d|m) p(m)/p(d) [p(d) normalization, p(m) prejudice]
RG evolution

Higgs decays Markov chains

LSRR — problem in grid: huge phase space, find local best points?

Operators problem in fit: domain walls, find global best points?
Higgs rates ‘ ')
— construct ‘representative’ poll
— classical: representative set of spin states
compute average energy on this reduced sample
— BSM or Higgs: map p(d|m) of parameter points
evaluate whatever you want
— Metropolis-Hastings
starting probability p(d|m) vs suggested probability p(d|m’)
1— accept new point if p(d|m’) > p(d|m)
2— or accept with p(d|m’)/p(d|m) < 1

SFitter
Higgs couplings
Weak scale

High scale



HogsTheory — SFjtter 1: Markov chains
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Discovery Weighted Markov chains  [Lafaye, TP, Rauch, Zerwas; Ferrenberg, Swendsen]

Massive photon

special situation

Sigma model measure of ‘representative’: probability itself
Heesiee — example with 2 bins, probability 9:1

I 10 entries needed for good Markov chain

SR 2 entries needed if weight kept

IS GEEEE — binning with weight would double count

Filags production bin with inverse averaging

Operators bincount
Higgs rates Pein (P # 0) = ?Efoum p71
SFitter —

good choice for O(6) dimensions
Higgs couplings
Weak scale

High scale
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SFitter 1: Markov chains

Weighted Markov chains [Lafaye, TP, Rauch, Zerwas; Ferrenberg, Swendsen]

special situation

measure of ‘representative’: probability itself
— example with 2 bins, probability 9:1

10 entries needed for good Markov chain

2 entries needed if weight kept

binning with weight would double count
bin with inverse averaging

bincount
Poin(p # 0) = Sbincount ;1
i=1

good choice for O(6) dimensions

Cooling Markov chains  [Lafaye, TR, Rauch, Zerwas]

— zoominon peak structures ([inspired by simulated annealing]

— modified condition
Markov chain in partitions, numbered by j

p(d|m’y > p(d|m) 10/ re[0, 1] random number
— check for parameter coverage with many Markov chains
= exclusive likelihood map first result
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SFitter 2: Frequentist vs Bayesian

Getting rid of model parameters

poorly constrained parameters
uninteresting parameters
Unphysical parameters [JES part of m; extraction]

two ways to marginalize likelihood map

integrate over probabilities

normalization etc mathematically correct
integration measure unclear

noise accumulation from irrelevant regions
classical example: convolution of two Gaussians

my
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SFitter 2: Frequentist vs Bayesian

Getting rid of model parameters

poorly constrained parameters
uninteresting parameters
Unphysical parameters [JES part of m; extraction]

two ways to marginalize likelihood map

integrate over probabilities

normalization etc mathematically correct
integration measure unclear

noise accumulation from irrelevant regions
classical example: convolution of two Gaussians

profile likelihood L(.., Xj—1, Xj11....) = maxy; L(Xq, .y Xn) 80

no integration needed

no noise accumulation

not normalized, no comparison of structures
classical example: best-fit point

one-dimensional distributions tricky

my
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SFitter 3: Error analysis

Sources of uncertainty

statistical error: Poisson
systematic error: Gaussian, if measured
theory error: not Gaussian

simple argument

LHC rate 10% off: no problem

LHC rate 30% off: no problem

LHC rate 300% off: Standard Model wrong

theory likelihood flat centrally and zero far away
profile likelihood construction: RFit (ckmFitter

—2log £ =" =X§ C™' Xy
0
Xo = { 16— di| — o™

o_l(exp)

ldi — dj| < o
Idi—aj| > o

(
i
(

i

theo)

theo)



HegeTheoy —  SFitter 3: Error analysis

Tilman Plehn
Sources of uncertainty

Discovery
Massive photon — statistical error: Poisson
Sigma model systematic error: Gaussian, if measured
Higgs field theory error: not Gaussian
Unitarity — profile likelihood construction: RFit  [ckmritter]
RG evolution

2 T ~—1
—2logL=x"=X4 C Xa
Higgs decays oo

p €0)
Higgs production 0 _ |d/ — di| < o;
=2 | — ] — o™ (

Operators Xd,i i |di — al N o (theo)
(exp) ! ! i

Higgs rates ‘7,'

SFitter

Higgs couplings Efficient combination of errors [different from Michael’s ATLAS analysis]

Weak scale

— Gaussian ® Gaussian: half width added in quadrature
High scale Gaussian/Poisson ® flat: RFit scheme
Gaussian ® Poisson: ?7?

exact

- apprOX|mate1formuIa approximation

1 1
= +
l0g Lecomb 109 Lgauss l0g Lpoisson
— modified Minuit gradient fit last step
= error bars from toy measurements

chi2

oORr NWDMOO N

012345678910
m
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Higgs couplings

HIggS sector at LHC [Zeppenfeld et al; Diihrssen et al; SFitter 2009/2012; Contino et al]

— light Higgs around 126 GeV: over 10 channels (o x BR)

— measurements: GF : H — ZZ, WW, Y7y [first analyses]
WBF : H — ZZ, WW7 YV, TT [iust starting]
VH:H — bb [BDRS-like analyses only]
ﬁH H— YV, WW, bb... [useful but later]

— parameters: couplings W,Z t b,r, g, [plus eventually Higgs mass]
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Higgs couplings

HIggS sector at LHC [Zeppenfeld et al; Diihrssen et al; SFitter 2009/2012; Contino et al]

— light Higgs around 126 GeV: over 10 channels (o x BR)

— measurements: GF : H — ZZ, WW, Y7y [first analyses]
WBF : H — ZZ WW7 YV, TT [iust starting]
VH : H — bb [soRs-iike > analyses only]
ftH: H— YV, ww, bb [useful but later]

— parameters: COUlengS W,Z t b,r, g, [plus eventually Higgs mass]

Total width
— myths about scaling
2 2 4
[ Jy g 2 —0
N =0 BR x _— — =0
Vot \/rtot 2Zr( 9°)
g + runobs

gives constraint from 37 T;(g?) < ot = T Hlmin
- WW — WW unitarity: gwwy < ghmm — T Hlmax
— SFitter assumptlon Fm = Zobs j  Iplus generation universality]
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Higgs couplings

HIggS sector at LHC [Zeppenfeld et al; Diihrssen et al; SFitter 2009/2012; Contino et al]

— light Higgs around 126 GeV: over 10 channels (o x BR)

— measurements: GF : H — ZZ, WW,'y’y [first analyses]
WBF : H — ZZ, WW7 YV, TT [iust starting]
VH:H — bb [BDRS-like analyses only]
ﬁH H— YV, WW, bb... [useful but later]

- parameters: COUpIingS W7 Z, t, b, T,9,7 [plus eventually Higgs mass]

SFitter ansatz [Diihrssen, Klute, Lafaye, TP, Rauch, Zerwas]

— couplings measurement grxx = gy (1 + Ax)
D5 couplings gggH, 9+ free?
electroweak correction currently negligible

— experimental/theory errors on signal and backgrounds
ATLAS and CMS both included

— exclusive likelihood map
each coupling from profile likelihoods
best-fit point with Minuit
complete error analysis
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Discovery Global view on 7 TeV data [Kiute, Lafaye, TP, Rauch, Zerwas]
Massive photon — is there a SM-like solution?
Sigma model are there alternative solutions?
IRl iEE] (1) expected 2011: SM central values, measured error bars
Unitarity . .

— large-coupling solution separable

RG evolution

Higgs decays
Higgs production
Operators

Higgs rates
SFitter

Higgs couplings
Weak scale

High scale
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Global/local 7 TeV analysis

Global view on 7 TeV data [Klute, Lafaye, TP, Rauch, Zerwas]

is there a SM-like solution?
are there alternative solutions?

expected 2011: SM central values, measured error bars
large-coupling solution separable
measured 2011: measured central values and error bars

both solutions overlapping
error bars inflated
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Global/local 7 TeV analysis

Global view on 7 TeV data [Klute, Lafaye, TP, Rauch, Zerwas]
— is there a SM-like solution?
are there alternative solutions?
(1) expected 2011: SM central values, measured error bars
— large-coupling solution separable
(2) measured 2011: measured central values and error bars

— both solutions overlapping
error bars inflated

Local view on 7 TeV data

— focus on SM solution where possible

_ L-4.64.91b", 68% CL: ATLAS + CMS

— five couplings from data ge=05" (144
@ SM exp.

6
gw ~ 0 while g> okay 51 n daia
gp and g; hurt by secondary solution 4 ez e
g- inconclusive in data 3
2

— poor man’s analysis great: A; = Ay
= pointing towards Standard Model?




HggsTreoy  Global/local 8 TeV analysis
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Discovery Global view on 8 TeV data [Klute, Lafaye, TP, Rauch, Zerwas]
Massive photon _ gW now improved
Si del
amamese (1) expected 2012: SM central values, measured error bars
Higgs field . .
— two symmetric solutions
Unitarity
RG evolution

Higgs decays
Higgs production
Operators
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Global/local 8 TeV analysis

Global view on 8 TeV data [Klute, Lafaye, TP, Rauch, Zerwas]

— gw how improved

(1) expected 2012: SM central values, measured error bars
— two symmetric solutions

(2) measured 2012: measured central values and error bars

— alternative solution separated and weakened
improved Ay p ; error bars
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Global/local 8 TeV analysis

Global view on 8 TeV data [Klute, Lafaye, TP, Rauch, Zerwas]

— gw now improved

(1) expected 2012: SM central values, measured error bars
— two symmetric solutions

(2) measured 2012: measured central values and error bars
— alternative solution separated and weakened

improved A p ; error bars
Local view on 8 TeV data [no change from HCP]

— focus on SM solution
— six couplings from data

9w,z okay b
gt p indirectly Ll B
g- poor os

g~ possible

— poor man’s analyses great: Ay, Ay, Ay 0 jkluL b
= moving towards Standard Model? 05 f

ver| L6517 Tev) 151598 Tev) 157, 68% OL: ATLAS + Gl
s [

ge=05" (1+4))
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Global/local 8 TeV analysis

Global view on 8 TeV data [Klute, Lafaye, TP, Rauch, Zerwas]

— gw now improved

(1) expected 2012: SM central values, measured error bars
— two symmetric solutions

(2) measured 2012: measured central values and error bars

— alternative solution separated and weakened
improved A p ; error bars

Testing the Higgs

six couplings determined (g, still missing]

L=4.6-5.1(7 TeV)+5.1-5.9(8 TeV) ib”", 68% CL: ATLAS + CMS

error bars 20 — 50%

= data

central value A, = 0.16

o=t—
=S

—

* SMexp g =gt (144,)

data (+A,)
all good fits 05
0 l ]
05 ) | l |

\$0A
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Global/local 8 TeV analysis

Global view on 8 TeV data [Klute, Lafaye, TP, Rauch, Zerwas]

— gw how improved

(1) expected 2012: SM central values, measured error bars

— two symmetric solutions

(2) measured 2012: measured central values and error bars

— alternative solution separated and weakened
improved Ay p ; error bars

Testing the Higgs

six couplings determined  (gg still missing]
— error bars 20 — 50%

central value A, = 0.16

all good fits Standard Model

hypothesis Xao12/dof | solutions
43.3/54

form factor Ay 32.2/53 1

two-parameter Ay ¢ 29.0/52 2

independent Ay 27.7/49 3

including A~ 27.3/48 2




HggsTreoy  Global/local 8 TeV analysis
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e Global view on 8 TeV data  [Kiute, Lafaye, TP, Rauch, Zerwas]
Massive photon — gw now improved
Si del

e mese (1) expected 2012: SM central values, measured error bars
Higgs field . .

— two symmetric solutions

Unitarity

- (2) measured 2012: measured central values and error bars
Higgs decays — alternative solution separated and weakened
e eEElan improved Ay p ; error bars
Operators
Higgs rates Testing the Higgs
SFitter

M GaTiE six couplings determined  (gg still missing]

Weak scale — error bars 20 — 50%
High scale — central value A, = 0.16
— all good fits

= what’s next?
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Beyond renormalizable couplings

Anomalous nggs couplings [Corbett, Eboli, Gonzales-Fraile, Gonzales-Garcia]

— anomalous couplings from D6 operators f;  findex 2 for W, wH" |

as fgv gMw $%(fsg + fww — faw)
GHgg = vy Oy =~ — %5
o) — IMw sliw — fg) o2 — Mw sl2sfan — 2% hww + (" = &)fow]
Hzy A2 2c Hzy a2 2c
M _ GMw Clw + $°fg © _ 9Mw s*fag + C*faw + PP faw
Ghzz = )2 202 9hzz =~ p2 202
Gl = g/A\/lW %W Gl = — g/A\zW fww
— 30 e LHC (71—B)T=V‘+ Tevetrop_ .

— asume fW = fB [otherwise no convergence] % P El3 3
fit fog, fww, faB E-mf@7 j %
observe usual sign-flip degeneracy 1sE 1k £
compare to Ax and A in gwwy for El7 3

b A £
&N 7
P e

2

Lo 3 f=faelTeV?]
£
B15) =
&
Il
2

=20 - ‘1 [\] 0 1‘0 2‘0 30
fu=falTeV?
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Beyond renormalizable couplings

Anomalous HIggS COUp”I’lgS [Corbett, Eboli, Gonzales-Fraile, Gonzales-Garcia]

— anomalous couplings from D6 operators f;  findex 2" for W, WH |

as fgv My $°(fas + fuw — faw)

Gros = ~ g1 A2 Gy =" T 2

@) _ 9Mw s(fw — fg) @ _ My s[2s’fsg — 2 fyw + (6P — S°)faw]
Gnzy = "pa 2c Ghzy = “pa 2c

1) gMy CZfW + Ssz @ _ gMy SAfBB + C4fWW + CZSZfBW

nzz = “pa 2¢? Ghzz =~ "pz 2¢?

@ 9Mw fw @ _  9Mw
Gwww = “pz o Ghww = ~ " pz fww

— asume fW = fB [otherwise no convergence]

fit fog, fww, fB
observe usual sign-flip degeneracy
compare to Ax and A in gwwy

A word on benchmarks

— known to ‘say more about authors than about physics’
— bottom-up approach crucial
— theory benchmarks really only interesting for authors  iiike the Higgs portal]
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Top Yukawa

Direct measurement ﬁH, H— bt_) [Atlas-Bonn: Jochen Cammin]

— crucial to understand Higgs sector [details later]

— trigger: t — bW+ — blty ~
reconstruction and rate: t — bW~ — bjj

— continuum background ttbb, ttjj weighted by b-tag]
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Direct measurement ﬁH, H— bt_) [Atlas-Bonn: Jochen Cammin]

— crucial to understand Higgs sector  (details later]
— trigger: t — bW+ — blty ~
reconstruction and rate: t — bW~ — bjj
— continuum background ttbb, ttjj weighted by b-tag]
— not a chance:
1— combinatorics: my in pp — 4bgag 2 Lv
2— kinematics: peak-on-peak
3- systematics: S/B ~ 1/9
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Direct measurement ttH, H — bb  [Atias-Bonn: Jochen Cammin]

crucial to understand Higgs sector (details later]

trigger: t — bW+ — bttv

reconstruction and rate: T — bW~ — bjj 2
- - _ 12}
continuum background ttbb, ttjj weighted by b-tag]

not a chance:

1— combinatorics: my in pp — 4bag 2j Lv

2— kinematics: peak-on-peak
3- systematics: S/B ~ 1/9

TOR method
Likelihood reconstruction
LH high lumi
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Chapter 5. Physics Studies with Tracks
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Discovery Direct measurement ﬁH, H — bb [Atlas-Bonn: Jochen Cammin]

Massive photon — crucial to understand Higgs sector  (detaiss later]

S e — frigger: t — bW+ — blty B
REESIE reconstruction and rate: T — bW~ — bjj
Unitari — - ..

o : — continuum background ttbb, ttjj weighted by b-tag]
RG evolution

— not a chance:
1— combinatorics: my in pp — 4bgag 2 Lv
2— kinematics: peak-on-peak

Higgs decays

Higgs production

e 3— systematics: S/B ~ 1/9

Higgs rates
> 120 T T T T T

SFitter ) . & ATLAS +Data 2011

Higgs couplings Fat jets analySlS [TP, Salam, Spannowsky, Takeuchi] N 400l det=4.7m" Hz‘m TeV)o=1.3pb_]
12} -

: . T ls=7TeV it
Weak scale — require tagged top and Higgs g so- Whutiet b

High scale trigger on lepton
only continuum ttbb left with sidebands]

— top tagger working  [Atias-Heidelberg]

gty
0! 1 1
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Direct measurement t?H, H— bB [Atlas-Bonn: Jochen Cammin]

Discovery

Massive photon

crucial to understand Higgs sector  (details later]

Sigma model — trigger: t — bW+ — bttv _
Higgs field reconstruction and rate: t — bW~ — bjj
Unitarity

continuum background {tbb, ftjj weighted by b-ag]
not a chance:

1— combinatorics: my in pp — 4byag 2j Lv

2— kinematics: peak-on-peak

RG evolution

Higgs decays

Higgs production

RERIES 3- systematics: S/B ~ 1/9
Higgs rates
SIS Fat jets analysis [TP, Salam, Spannowsky, Takeuchi]
Higgs couplings ) ) Donter 68% CL: 14 TeV/
Weak scale — require tagged top and Higgs ool e 20m W (124
" trigger on lepton 30010
igh scale . T 0.3 1000 fo”
only continuum £tbb left  with sidebands] 0p | * 000"
— top tagger working  [Atias-Heidelberg] 04
= any good idea welcome 0 —¢ {* £
04 1
0.2
-0.3  Gain factor
2
15 F
1 * o o o * 2 3

.
% < 9 % <+ ¢ 9
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Discovery nggs portal
Hasse preen — only few renormalizable links to a new phyics world
SR general standard-hidden ansatz H; = cos x Hs + sin x Hj,
Higgs field — visible and hidden decays [plus Hp — Hq Hq cascade decays]
Unitarity .
' = cos® x risc':ﬂ + sin? x T
RG evolution

— constraints on event rate
Higgs decays

2
Higgs production U[H1 N XX*] B cos? x
SO id
Operat o[Hy — XX*] 0
perators o o . S1M
Higgs rates o,
SFitter
1.2
95% CL
Higgs couplings 1 95% G
Weak scale _7 data
High scale ol
33
S osf
g
= o0af
02}
0

04 05 06 07 08
cos?y,
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Discovery nggS portal
Massive photon — only few renormalizable links to a new phyics world
SR EEE] general standard-hidden ansatz H; = cos x Hs + sin x Hp,
Higgs field

— visible and hidden decays [plus Hy — Hyq Hy cascade decays]

I = cos® x Mgy + sin® x I

— constraints on event rate

Unitarity
RG evolution

Higgs decays

Higgs production O’[H1 — XX*] _ 0032 X
Operators o[Hy — XX*|SM rhid
[ ] 14 tan? x S‘M
Higgs rates o
Shter = invisible Higgs needed for final answer  (eboii & zeppeneld]

Higgs couplings
Weak scale

High scale
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Weak scale models

Higgs portal

— only few renormalizable links to a new phyics world
general standard-hidden ansatz Hy; = cos x Hs + sin x Hp

— visible and hidden decays [plus Hy — Hy Hy cascade decays]

tot 2 SM P2 hid
Iy = cos® x Mgy + sin® x Iy

— constraints on event rate
o[Hy — XX*] cos? x

o[Hy — XXM — [hid
[ ] 14tan? x -
tot, 1

= invisible Higgs needed for final answer  (Eboli & Zeppenteld]

Form factor HIggS [Kaplan & Georgi; Contino, Espinosa, Giudice, Grojean, Miihlleitner, Pomarol, Rattazzi]

simple trick: £ = V/f 2> 0.3 while my, = gpf > f [also not calculable]

1— all couplings scaled g — g/1 — ¢
— one-parameter fit in SFitter
— from 8 TeV data Ay =0+0.15
2- gauge couplings g — g/1 — ¢

Yukawas g — g(1 —2¢)//1 ¢

— sign change of Yukawas, g, 4 correlated
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Weak scale theory

Non-decoupling D6 operators

— SM: chiral fermions gpgg ~ as/(127v)
— new particle with charge Q and SU(3) Casimir C(R) (Reece]

2 3¢?
R = = [1ozse (15 Ry S

9Hy~

= end of a fourth chiral generation [Lenz etal]
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Non-decoupling D6 operators

— SM: chiral fermions grgg ~ as/(127v)
— new particle with charge Q and SU(3) Casimir C(R) (Reecel
Gy 2 _8?
R, = g = [1roase (1= /R *T G

Hy~y

= end of a fourth chiral generation [Lenz etal]

Supersymmetry

— MSSM Higgs mass the best-predicted LHC observable [Hamn etal + stal
— production rates mix of form factor and D6 (e.g. Hollik, TP, Rauch, Rzehak]
— stop mass/mixing crucial (m, = 1 TeV,tan 8 = 20]
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Non-decoupling D6 operators

— SM: chiral fermions gpgg ~ as/(127v)
— new particle with charge Q and SU(3) Casimir C(R) (Reece]

2 3¢
fom g rome (e VR))L oo

9Hy~

= end of a fourth chiral generation [Lenz etal]

Supersymmetry

— MSSM Higgs mass the best-predicted LHC observable  (Hamn etal + Stal
— production rates mix of form factor and D6  (e.g. Holik, TP, Rauch, Rzehak]

stop mass/mixing crucial (m, = 1 TeV,tan 8 = 20]
— SUSY particles in eff couplings  (everyone]
stop mixing destructive [Reece]
2 2 y2
gHgg1+1<mz mfm[Xr>

SM T 2 2 2
GHgg a\m, m, mm,

— move towards NMSSM always an option...
= no final verdict on the MSSM (ever?)
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Non-decoupling D6 operators

— SM: chiral fermions gpgg ~ as/(127v)
— new particle with charge Q and SU(3) Casimir C(R) (Reece]

2 3¢
fom g rome (e VR))L oo

9Hy~

= end of a fourth chiral generation [Lenz etal]

General Study [Gupta, Rzehak, Wells]

— modelling Higgs coupling deviations
— deviations allowed by other constraints

AhVV Ahtt Ahbb
Mixed-in Singlet 6% 6% 6%
Composite Higgs 8% tens of % tens of %

Minimal Supersymmetry < 1% 3%

10%(Iarge tan 3) 1 OO%(smaH tan 3)
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Weak scale theory

Non-decoupling D6 operators

— SM: chiral fermions gpgg ~ as/(127v)
— new particle with charge Q and SU(3) Casimir C(R) (Reece]
9H 2 3Q°
e R (a0 R

9Hy~

= end of a fourth chiral generation [Lenz etal]

General study [Gupta, Rzehak, Wells]

— modelling Higgs coupling deviations

— deviations allowed by other constraints

— correlation of A and heavy Higgs states
= no final verdict on (too) many models?




High scale theory

What if it is essentially the Standard Model

— many theories deCOUple in HIggS Sector [custodial symmetry, suppressed D6]
— any handle on high-scale physics needed
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High scale theory

What if it is essentially the Standard Model

— many theories decouple in Higgs sector  [custodial symmetry, suppressed D]
— any handle on high-scale physics needed

Renormalization group
— Higgs mass related to self coupling: my = vv2X
top mass related to Yukawa: y; = \@m,/v
ax 1 4 2 2\2
dlog@ 1672 [12/\ +6)\}’1 *3}’r (392 +g1) I (292+(gz +97) )}

— IR fixed point for )\/ytz f|X|ng m,z_,/mz = 1/2 [with gravity: Shaposhnikov, Wetterich]

my —171.2 as —0.1176
my = 126.3 x4.1— x1.5
H T2 0.002 . —_— |
— Planck-scale conditions  [Holthausen, Lim, Lindner] o | o="o
= Higgs and top crucial in combination

Higgs mass (Gev)

13|

168 170 72 17 176
Top mass (GeV)
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LHC Higgs program

Discovery

Massive photon

determine coupling structure

Sigma model . .

e fod — measure pre-factors (|.e. Coupllng strengths) [ask me in private why by theorists]
iggs fie . .

Unitarity — come up with good ideas for top Yukawa

RGevolution — search for anomalous Higgs decays

Higgs decays apply to everyone’s favorite models  (stop calling them benchmarks]

Higgs production

Operators
Higgs rates
Suer| __68% CL:3000 b, 14 TeV LHC and 250 fo™!, 250 GeV LC
SFitter -1
=#= 3000 fb", 14 TeV LHC _ 4SM (1+4)
: 0.2 2500, 250 GeV LC 9x = 9x X
Higgs couplings @ LHC +LC
0.15 LHC + LC (A, % A)
Weak scale
0.1
High scale
0.05 '
== i« Y ii:* * R
| 1 R i
-0.05
-0.1
-0.15

K
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